Clustered regularly interspaced short palindromic repeats (CRISPRs) and CRISPR-associated (Cas) proteins provide bacteria with RNA-based adaptive immunity against phage infection. To counteract this defense mechanism, phages evolved anti-CRISPR (Acr) proteins that inactivate the CRISPR-Cas systems. AcrIIA1, encoded by Listeria monocytogenes prophages, is the most prevalent among the Acr proteins targeting type II-A CRISPR-Cas systems and has been used as a marker to identify other Acr proteins. Here, we report the crystal structure of AcrIIA1 and its RNA-binding affinity. AcrIIA1 forms a dimer with a novel two helical-domain architecture. The Nterminal domain of AcrIIA1 exhibits a helix-turn-helix motif similar to transcriptional factors. When overexpressed in Escherichia coli, AcrIIA1 associates with RNAs, suggesting that AcrIIA1 functions via nucleic acid recognition. Taken together, the unique structural and functional features of AcrIIA1 suggest its distinct mode of Acr activity, expanding the diversity of the inhibitory mechanisms employed by Acr proteins.
INTRODUCTION
The clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPR-associated (Cas) proteins provide bacteria with adaptive immunity against phages (1, 2) . When phages infect bacteria, bacterial cells activate the CRISPR-Cas system to acquire short segments of the viral DNA into their own genome (3, 4) . The viral DNA fragments are inserted as variable spacer sequences between invariable pseudo-palindromic repeat sequences in the host genome (4, 5) . The CRISPR array is transcribed as a long precursor CRISPR RNA (pre-crRNA) that is processed into small mature crRNAs (6, 7) . The crRNAs guide a single protein effector or a multi-protein effector complex to degrade the complementary sequences of invading viral nucleic acids (7, 8) .
Anti-CRISPR (Acr) proteins are encoded by phages to neutralize the CRISPR-Cas system of bacteria (9, 10) . Acr proteins were first discovered in phages infecting the Gramnegative pathogen Pseudomonas aeruginosa, which contains the type I-F CRISPR-Cas system (11) . Additional Acr proteins have been found against type I-F and type I-E CRISPR-Cas systems by bioinformatics and biochemical studies (12) . Structural and functional analyses revealed different inhibitory mechanisms between type I-F Acr proteins (13) (14) (15) (16) . AcrF1 binds to the effector complex and interferes with the base-pairing between crRNA and its target DNA (15) . AcrF2 prevents the binding of double-stranded target DNA to the effector complex (15) . AcrF3 interacts with the nuclease Cas3 and inhibits the association between Cas3 and the effector complex as well as substrate DNA binding (16) .
More recently, two different groups of Acr proteins, namely, AcrIIA and AcrIIC, were discovered, which target type II-A and type II-C CRISPR-Cas systems of Listeria monocytogenes and Neisseria meningitidis, respectively (17, 18) . These Acr proteins inhibit type II CRISPR-Cas systems containing the single effector protein Cas9, and two AcrIIA proteins (AcrIIA2 and AcrIIA4) exhibit crossreactivity to inhibit Streptococcus pyogenes Cas9, which is widely used in the field of genome editing (17) . The complex structures of AcrIIA4 and S. pyogenes Cas9 have revealed that AcrIIA4 binds to Cas9 with high affinity to block the substrate DNA binding (19) (20) (21) . Similarly, AcrIIC3 inhibits substrate DNA binding to N. meningitidis Cas9, but AcrIIC1 disables the conformational transition of Cas9 to the active state without affecting substrate DNA binding (22) .
Accumulating experimental data demonstrate that the sequences, sizes, structures and mechanisms vary among different Acr proteins. Understanding the structural and inhibitory mechanisms of novel Acr proteins would provide a better opportunity to control CRISPR-Cas function for general application in genome editing. In this study, we report the crystal structure of AcrIIA1 and its binding affin-ity for nucleic acids. AcrIIA1 is the most prevalent among the Acr proteins interfering with the L. monocytogenes type II-A CRISPR-Cas system and has been used as a marker to identify other AcrIIA proteins (17) . Our analyses of AcrIIA1 reveal its unique structural and functional features distinct from previously characterized Acr proteins, suggesting a novel mechanism for inactivating CRISPRmediated immune function.
MATERIALS AND METHODS

Cloning, expression and purification
The synthetic acrIIA1 gene was cloned into a pBT7-N-His vector with an N-terminal (His) 6 tag and a tobacco etch virus (TEV) protease cleavage site. Escherichia. coli BL21 (DE3) cells containing these constructs were cultured in lysogeny broth medium at 37
• C until the optical density at 600 nm reached 0.8. Protein expression was induced by the addition of 1 mM isopropyl-␤-D-thiogalactopyranoside, followed by incubation at 18
• C for 20 h. Cells were harvested by centrifugation and resuspended in lysis buffer (200 mM NaCl, 2 mM ␤-mercaptoethanol (BME), 1 mM ethylenediaminetetraacetic acid (EDTA), 1 mM phenylmethylsulfonyl fluoride, 20 mM Tris-HCl pH 8.0).
After lysis by using EmulsiFlex-C3 (AVESTIN) and centrifugation, the supernatant was loaded onto a 5-ml HisTrap HP column (GE Healthcare) that was pre-equilibrated with elution buffer (200 mM NaCl, 2 mM BME, 20 mM Tris-HCl pH 8.0). After washing the column with elution buffer, the bound proteins were eluted by applying a linear gradient of imidazole (up to 500 mM) and dialyzed against TEV proteolysis buffer (5 mM BME, 0.5 mM EDTA, 50 mM Tris-HCl pH 8.0). The (His) 6 -MBP tag was cleaved by TEV protease and separated on a 5-ml HisTrap HP column (GE Healthcare). The proteins were further purified using a HiLoad 16/60 Superdex 75 column (GE Healthcare) equilibrated with size exclusion chromatography buffer (100 mM NaCl, 2 mM BME, 20 mM Tris-HCl pH 7.4). Finally, AcrIIA1 was loaded onto a Mono-Q anion exchange column (GE Healthcare) equilibrated with buffer (3 mM BME, 20 mM Tris-HCl pH 7.4) and eluted with a linear gradient of NaCl (up to 1 M).
The L52M mutant construct, which was used to introduce an additional anomalous scatterer, was generated using polymerase chain reaction with mismatched primers. The selenomethionyl L52M mutant was expressed in E. coli BL21 (DE3) cells grown in M9 medium supplemented with SeMet as previously described (23) . The selenomethionyl mutant protein was purified as described above for the native WT AcrIIA1 protein.
Crystallization, data collection and structure determination Native WT AcrIIA1 crystals were grown at 20
• C by the sitting-drop method from 2.5 mg/ml protein solution in buffer (100 mM NaCl, 5 mM BME, 10 mM Tris-HCl pH 7.4) mixed with an equal amount of reservoir solution (13% [w/v] Polyethylene glycol (PEG) 6000, 0.1 M magnesium acetate, 50 mM sodium cacodylate pH 6.5). Selenomethionyl L52M mutant crystals were grown at 20
• C by the sittingdrop method from 6.5 mg/ml protein solution in buffer (100 mM NaCl, 5 mM BME, 10 mM Tris-HCl pH 7.4) mixed with an equal amount of reservoir solution (6% [w/v] PEG 4000, 0.2 M NaCl, 100 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) pH 7.0). Crystals were cryoprotected in the reservoir solutions supplemented with additional ethylene glycol and flash-frozen in liquid nitrogen. Diffraction data were collected at the beamline 7A of the Pohang Accelerator Laboratory at 100 K. Diffraction images were processed with HKL2000 (24) . The determination of selenium positions, density modification and initial model building for the selenomethionyl L52M mutant structure were performed using PHENIX (25) . The mutant structure was used for molecular replacement phasing of the WT AcrIIA1 structure in PHASER (26) . The final structures were completed using alternate cycles of manual fitting in COOT (27) and refinement in PHENIX (25) . The stereochemical quality of the final models was assessed using MolProbity (28) .
Analysis of co-purifying nucleic acids
The histidyl-tagged AcrIIA1 protein was expressed in E. coli as described above. Escherichia coli cells were harvested by centrifugation and resuspended in lysis buffer (300 mM NaCl, 5 mM BME, 10% [w/v] glycerol, 20 mM Tris-HCl pH 7.4). After sonication and centrifugation, the supernatant was loaded onto a 5 ml HisTrap HP column (GE Healthcare) pre-equilibrated with affinity chromatography buffer (300 mM NaCl, 5 mM BME, 10% [w/v] glycerol, 20 mM Tris-HCl pH 7.4). After washing the column with buffer, the bound samples were eluted by applying a linear gradient of imidazole (up to 450 mM). The eluate was loaded onto a Mono-Q anion exchange column (GE Healthcare) equilibrated with anion exchange chromatography buffer (100 mM NaCl, 5 mM BME, 10% [w/v] glycerol, 20 mM Tris-HCl pH 7.4). Both proteins and nucleic acids were bound to the column but eluted separately by applying a linear gradient of NaCl (up to 1 M). The eluted fractions from the anion exchange column were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and agarose gel electrophoresis. Proteins and nucleic acids were stained with Coomassie Brilliant Blue and ethidium bromide, respectively. For identification of the co-purifying nucleic acids, the eluted fraction containing the nucleic acids was treated with RNase-free DNase I (5 U) and DNase-free RNase A (5 U) at 37
• C for 1 h and analyzed on a 2% agarose gel. To estimate the size distribution, the co-purifying nucleic acids were analyzed by 4.5% urea denaturing PAGE and visualized by SYBR Gold (Thermo Fisher Scientific) staining.
RESULTS
AcrIIA1 forms a dimer with a two-domain architecture
To gain structural insight into the inhibitory mechanism of AcrIIA1, we solved its crystal structure to a resolution of 2.0Å. The structure of the selenomethioninesubstituted L52M mutant of AcrIIA1 was determined by single-wavelength anomalous diffraction and was used to find the phase solution for the wild-type (WT) AcrIIA1 
, where I i (h) is the intensity of an individual measurement of the reflection and <I(h)> is the mean intensity of the reflection.
where F obs and F calc are the observed and calculated structure factor amplitudes, respectively. d R free was calculated as R cryst using ∼5% of the randomly selected unique reflections that were omitted from structure refinement.
structure. Data collection, phasing and refinement statistics are summarized in Table 1 . The asymmetric units of both WT and mutant structures, which were crystallized at disparate conditions in different space groups, contained two AcrIIA1 protomers forming a single dimer with pseudo 2-fold symmetry. The dimeric state of AcrIIA1 was also supported by size exclusion chromatography analysis (Supplementary Figure S1 ). The root-mean-square deviation (RMSD) values of the C␣ atomic positions between the WT and mutant structures were only 0.92Å, indicating that the L52M mutation, which was used to introduce the additional anomalous scatterer, did not disrupt the structural integrity of the protein and thus the two structures are very similar (Supplementary Figure S2) . We hereafter describe the WT structure since several residues in the mutant structure were missing in the final model due to insufficient electron density despite its slightly higher resolution (1.85Å) than that of the WT structure. The crystal structure of AcrIIA1 revealed an allhelical two-domain architecture ( Figure 1A and B) . The AcrIIA1 protomer consists of a globular N-terminal domain (residues 4-72) and an extended C-terminal domain (residues 73-149). The N-terminal domain comprises five ␣-helices (␣1-␣5) and a single 3 10 helix (1). The first three ␣-helices (␣1-␣3) form an approximately triangular arrangement. The two additional ␣-helices (␣4 and ␣5) of the Nterminal domain are almost perpendicular to one another, and pack against the ␣1 helix to make a compact helical assembly. As predicted from its amino acid sequence (17) , helices ␣2 and ␣3 (residues 17-36) constitute a helix-turnhelix (HTH) motif to form the preceding and recognition helices, respectively, joined by the characteristic sharp turn (29) . The C-terminal domain of AcrIIA1 consists of three ␣-helices (␣6-␣8) and two 3 10 helices (2 and 3). Except for the 2 helix, the other four helices (␣6-␣8 and 3) of the C-terminal domain are approximately parallel or antiparallel to one another and are stabilized by a closely packed hydrophobic core reminiscent of the coiled-coil motif. The ␣7 and 3 helices are connected by a long loop (residues 106-117) spanning ∼30Å, in which the electron density is relatively poorly defined. Residues in or adjacent to the 3 helix show a notable structural deviation when the two AcrIIA1 protomers are structurally aligned. In fact, the 3 helix is not recognizable as a secondary structural element in chain B of the crystal structure. These observations suggest the flexible nature of this region in AcrIIA1.
The overall shape of the AcrIIA1 homodimer resembles a bird with open wings in which the N-and C-terminal domains represent the body and the wings, respectively ( Figure  1C) . The two N-terminal domains interact closely to form a central core of the dimer structure with a cleft between the two HTH motifs. The distance between the N-termini of the two ␣3 helices is ∼35Å. The C-terminal domains comprise the wings of the bird-like structure with a wingspan of ∼83Å. The two extended C-terminal domains protrude from the central core in opposite directions nearly parallel to the dimer interface formed by the N-terminal domains. The dimerization of AcrIIA1 buries 2464Å 2 of the accessible surface area, and forms 11 hydrogen bonds and two salt bridges between the two protomers. The dimer interface can be divided mainly into three regions (Figure 2 ). In the N-terminal domain, three helices (1, ␣4 and ␣5) following the ␣3 recognition helix of the HTH motif make extensive intermolecular contacts with those of the other protomer. Residues at the helical interface form a network of polar and hydrophobic interactions of a nearly 2-fold symmetry, in- Figure 1C . The asterisk denotes residues from the other protomer.
cluding the two symmetric Arg48-Glu69* salt bridges (the asterisk denotes residues from the other protomer; Figure  2A ). Another dimer interface is formed between the ␣7 helix in the C-terminal domain of one protomer and the ␣4 helix in the N-terminal domain of the other protomer. This second interface region is stabilized by hydrogen bonds between Arg48 and Tyr97* (Figure 2A) , and between Ser49 and Ser105* ( Figure 2B ), and a hydrophobic interaction between Leu52 and Ala106* ( Figure 2C ). In addition to these interface regions, Lys145 and Leu148 at the C-terminus make hydrophobic contacts with Leu23* and Leu52*, respectively, in the N-terminal domain of the other protomer ( Figure 2C ).
AcrIIA1 exhibits structural similarity to HTH transcription factors
A search for structural neighbors using the Dali server (30) did not identify any significant structural matches to the entire AcrIIA1 protomer in the Protein Data Bank (PDB) (31) . However, its N-terminal domain (residues 4-72) reveals a compelling structural resemblance to the HTH domains of many transcription factors, including the well- studied Bacillus subtilis sporulation inhibitor SinR (PDB ID: 1B0N; Z-score: 6.9; 2.4Å RMSD for 61 C␣ atoms) (32) and the phage 434 cI repressor (PDB ID: 1R69; Zscore: 5.8; 2.6Å RMSD for 58 C␣ atoms) (33) . The topology and fold of the AcrIIA1 N-terminal domain is similar to those of the DNA-binding domains of the SinR and 434 cI transcriptional regulators ( Figure 3A) ; all of them contain five ␣-helices that fold in a nearly identical manner into a compact globular conformation. The HTH motifs, composed of the second and third ␣-helices (␣2 and ␣3), display higher structural similarity than the rest of the domains ( Figure 3B ). The structural similarity extends to the level of the quaternary structure ( Figure 3C ). When the dimers of the HTH domains are structurally aligned, the protomers are arranged in a very similar orientation to each other with pseudo 2-fold symmetry. The dimer interfaces are essentially identical. The RMSD values between the AcrIIA1 dimer and the two structural neighbors are 2.5Å (for 102 C␣ atoms) and 3.2Å (for 101 C␣ atoms) for the SinR and 434 cI repressor dimers, respectively.
Analysis of the electrostatic potential surface also revealed the similarity between AcrIIA1 and the HTH transcription factors. The theoretical pI of AcrIIA1 is calculated to be ∼5.5, suggesting that the Acr protein possesses a net negative charge at neutral pH. However, the electrostatic potential of the AcrIIA1 structure revealed that positive charges are densely populated at the HTH motifs and the cleft formed between them ( Figure 3D ). The positively charged surface around the HTH motifs has been identified in many transcription factors and is thought to play crucial roles in DNA recognition through electrostatic interactions with the phosphate backbone (34) (35) (36) .
The possibility of DNA recognition by AcrIIA1 led us to test its binding affinity for DNAs (Supplementary Figure  S3) . It was previously shown that AcrIIA1 is not involved in the transcriptional control of Cas9 (17) . Thus, if AcrIIA1 is a transcriptional repressor like the SinR protein and the phage 434 cI repressor, it is likely that the protein binds to the promoter regions of the tracrRNA or pre-crRNA for the CRISPR inhibitory function. However, we were unable to demonstrate the binding of AcrIIA1 to specific doublestranded (ds) and single-stranded (ss) DNA sequences in the putative promoter regions in our electrophoretic mobility shift assay (Supplementary Figure S3A, B and D) . Moreover, AcrIIA1 did not show any affinity for the linearized pUC19 plasmids upon testing its non-specific DNA binding (Supplementary Figure S3C) . We also tested the AcrIIA1 interaction with the CRISPR repeat RNA, its complementary tracrRNA fragment and the RNA duplex formed by them, but no binding was detected (Supplementary Figure S3A and E). These results suggest that sequences and/or types of biologically relevant binding partner(s) for AcrIIA1 are different from those of the tested nucleic acids.
AcrIIA1 associates with RNAs when overexpressed in E. coli
When overexpressed in E. coli, AcrIIA1 associated with a significant amount of nucleic acids. During purification of the His 6 -tagged version of AcrIIA1, abundant copurifying nucleic acids were observed following Ni-affinity chromatography. Gel electrophoretic analyses revealed the association between nucleic acids and AcrIIA1 ( Figure 4B , lane 2). We were able to separate the nucleic acids from AcrIIA1 using additional anion exchange chromatography ( Figure 4A and B) and tested their sensitivity to DNA and RNA nucleases (DNase and RNase, respectively; Figure  4C ). Treatment with RNase A resulted in almost complete degradation of the nucleic acids, whereas such degradation was not observed when DNase I was added, indicating that the co-purifying nucleic acids were mostly RNAs. The sizes of the co-purifying RNAs were heterogeneous, ranging from ∼100 to ∼2000 nt ( Figure 4D ). These results are consistent with the observation that the AcrIIA1 structure contains the nucleic acid binding motifs with the positively charged surface (Figure 3) , supporting that AcrIIA1 functions via nucleic acid recognition.
DISCUSSION
Despite its structural similarity to HTH transcription factors, AcrIIA1 did not display DNA-or RNA-binding affinity in the electrophoretic mobility shift assays (Supplementary Figure S3 ). We cannot exclude the possibility that our experimental conditions are not optimal for the binding of AcrIIA1. However, it is also conceivable that AcrIIA1 possesses intrinsic binding affinity for distinct, untested nucleic acids. We found abundant co-purifying RNAs when AcrIIA1 was overexpressed in E. coli, suggesting that AcrIIA1 can interact with nucleic acids. It is premature to conclude that AcrIIA1 interacts with RNAs more preferentially than with DNAs in vivo and functions via RNA recognition for the CRISPR-Cas inhibition. In our gel shift assays (Supplementary Figure S3E) , AcrIIA1 did not bind to the tested RNAs. The co-purification of RNAs can be an artifact caused by the overexpression in E. coli in the absence of biologically relevant binding partner(s). Indeed, previous studies have shown that certain HTH structures can binds to both RNAs and dsDNAs (37, 38) .
Acr proteins (AcrIIA1-4) that suppress type II-A CRISPR-Cas systems were first identified in L. monocytogenes prophages (17) . Inhibition against S. pyogenes Cas9 by direct interaction was demonstrated for two (AcrIIA2 and AcrIIA4) of the four Acr proteins (17, (19) (20) (21) , whereas AcrIIA1 did not inactivate S. pyogenes Cas9 function (17) . The lack of cross-strain inhibition of AcrIIA1 may be attributed to the species barrier, indicating that the binding interface for AcrIIA1 may not be conserved between L. monocytogenes and S. pyogenes Cas9 homologs. Difficulty in purification of L. monocytogenes Cas9, which was also reported in a previous study (19) , impeded a direct in vitro comparison of AcrIIA1 binding to the recombinant Cas9 homologs. Our results, however, raises another possible explanation that AcrIIA1 functions via a different inhibitory mechanism from those of the two Cas9-binding Acr inhibitors. AcrIIA1 reveals structural and functional features that are unique among the Acr proteins against the type II-A CRISPR-Cas systems, supporting its distinct mode of action. According to our crystal structure, AcrIIA1 forms a dimer with a two-domain arrangement, while AcrIIA4 forms a single-domain structure and AcrIIA2 is monomeric in solution (20) . AcrIIA1 manifests nucleic acid-binding affinity, which has not been reported for AcrIIA2 and AcrIIA4. The genomic distribution of acrIIA genes also suggests the potential mechanistic distinction between AcrIIA1 and the Cas9-interacting Acr proteins. It was previously noted that the acrIIA2 and acrIIA4 genes do not co-occur at the same acr loci, but frequently with the acrIIA1 gene, although each gene alone is sufficient to inhibit the type II-A CRISPR-Cas system (17) . It is conceivable that the redundant inhibitory mechanism may have relieved the need for the co-occurrence of the acrIIA2 and acrIIA4 genes, while the distinct mode of action of AcrIIA1 has evolved into the co-existence of the acrIIA1 gene with those encoding the Cas9-binding Acr proteins.
The role of the C-terminal domain in AcrIIA1 is more elusive. A Dali search (30) found structural neighbors for the C-terminal domain (residues 73-149). The top three PDB entries with the highest Z-scores are the potato disease resistance protein Rx (PDB ID: 4M70; Z-score: 5.4; 3.1Å RMSD for 74 C␣ atoms) (39), the Lachancea thermotolerans autophagy-related protein Atg29 (PDB ID: 4P1W; Z-score: 4.5; 4.1Å RMSD for 61 C␣ atoms) (40) , and the Streptococcus mutans adhesion P1 (PDB ID: 4TSH; Zscore: 4.4; 2.8Å RMSD for 61 C␣ atoms) (41) . The structural similarities were less significant than those observed between the AcrIIA1 N-terminal domain and its structural homologs. It is difficult to deduce common functionality relevant to the structural features of the C-terminal structural neighbors, which can provide information on the biological role of the C-terminal domain. Nevertheless, all three structural neighbors form multi-protein complexes in the crystal structures, suggesting that the C-terminal domain of AcrIIA1 functions via interactions with other proteins. In many HTH transcription factors, DNA-binding HTH domains are connected with regulatory domains that are controlled by protein-or ligand-binding (42) (43) (44) . It is also notable that AcrIIA5, another Acr protein recently identified in a phage of Streptococcus thermophiles, is predicted to possess a coiled-coil motif (45) , in which helices are arranged in an approximately parallel or antiparallel manner, as seen in the C-terminal domain of AcrIIA1.
Together with previous studies, our results expand the diversity of the inhibitory mechanisms employed by Acr proteins. The unique structural and functional features of AcrIIA1 suggest that AcrIIA1 function through a distinct mechanism that is yet unknown in Acr activities. AcrIIA1 may not interact directly with Cas9, but rather with other components of type II-A CRISPR-Cas systems and/or host factors. Details of the inhibitory mechanism of AcrIIA1, including the identity of its interacting partners and the role of the C-terminal domain, remain to be determined.
DATA AVAILABILITY
Atomic coordinates and structure factors for the WT and the L52M mutant AcrIIA1 structures have been deposited with the PDB under accession numbers 5Y6A and 5Y69, respectively.
